A new molecular biological approach for the identification of bacteria is described. This approach employs PCR of bacterial cell lysates with conserved primers located in the 16S rRNA sequence flanking a variable region, and analysis of the amplified produ-ct was based on the principle of single-strand conformation polymorphism (SSCP). The PCR product was denatured and separated on a nondenaturing polyacrylamide gel. SSCP patterns were detected by silver staining the nucleic acids. The mobility of the single-stranded DNA is sequence dependent and could be used to identify the unknown bacteria. Feasibility of the technique was demonstrated for a broad panel of gram-negative and gram-positive bacteria. We tested over 100 strains of bacteria representing 15 genera and 40 species. With the use of only two primer sets, P11P-P13P and ER10-ER11, we were capable to discriminate the tested species at the genus and species levels. Species-specific patterns were obtained for, e.g., Clostridium spp., Listeyia spp., Pseudomonas spp., and Enterobacter spp. PCR-SSCP is a sensitive technique; e.g., the sensitivity obtained for Escherichia coli cells was 30 CFU. This technique is a simple and rapid method for the detection and identification of a wide spectrum of bacteria by whole-cell-based PCR amplification with the use of conserved primers and identification by nondenaturing gel electrophoresis.
Nucleic acid-based amplification systems like PCR are promising methods for the rapid detection of low numbers of pathogenic bacteria. The 16S rRNA sequence, which is highly conserved throughout the phylogenetic tree (12) , is found in all prokaryotic organisms and is one of the most extensively studied target sequences. The 16S rRNA gene also contains variable regions which have been used for discrimination between species and genera. The conserved sequences of the 16S rRNA have led to the development of conserved primers for PCR for the detection of eubacteria (7, 25) . PCR amplification with conserved primers followed by sequencing of the variable regions has enabled the development of specific probes (2) . Recently, Greisen et al. (11) proposed the use of PCR with conserved primers followed by hybridization with a series of probes for the detection of bacteria in cerebrospinal fluid. The first series of probes consisted of a specific probe for gram-positive bacteria and a specific probe for gram-negative bacteria and was followed by a second round of hybridization with species-or genus-specific probes. However, the major disadvantage of this method is the need for a comprehensive panel of probes or prior knowledge of the expected microorganism. Other novel DNA-based identification methods for bacteria include denaturing gradient gel electrophoresis analysis of PCR-amplified regions (18) and amplification of the spacer regions between the 16S and 23S rRNA genes (14) ; both systems result in species-specific electrophoresis patterns.
Here, we present a new, general approach for directly determining the identity of bacteria based on the principle of single-strand conformation polymorphism (SSCP) electrophoresis of PCR-amplified 16S rRNA fragments. SSCP is a technique designed to detect mutations in oncogenes and allelic variants in the human genome (19, 20) . After PCR amplification of the target sequence, the amplified product is denatured to two single stranded DNAs (ssDNAs) and subjected to nondenaturing polyacrylamide gel electrophoresis. Under nondenaturing conditions, ssDNA has a secondary structure that is determined by the nucleotide sequence. The mobility of the ssDNA depends on the secondary structure of the amplified product. Bands of ssDNA at different positions on the gel indicate a different sequence. PCR-SSCP is capable of detecting >90% of all single-base substitutions in 200-bp fragments (13) . We tested the conserved 16S rRNA primers using PCR of cell lysates from more than 100 bacterial strains and subjected them to SSCP. The obtained electrophoretic patterns were then analyzed. GGG GAT GAC GT) to amplify a 216-bp fragment of the V6 region (Eschenichia coli 16S rRNA positions 1175 to 1390) (7). The second set of conserved primers was ER10 (5'-GGC GGA CGG GTG AGT AA) and ER11 (5'-ACT GCT GCC TCC CGT AG) to amplify a 255-bp region of the V2 region (E. coli 16S rRNA positions 104 to 358). After deprotection and cleavage, the oligonucleotides were purified by ethanol precipitation.
MATERIALS AND METHODS
DNA amplification. The PCR mixture (50 ,ul) contained 50 mM Tris-HCl (pH 9.0), 50 mM KCl, 7 mM MgCl2, 2 mg of bovine serum albumin per ml, 16 mM (NH4)2SO4, 100 ,uM (each) primer, and 0.1 U of Super-Taq polymerase (HT Biotechnology, Cambridge, England). The PCR mix was incubated with 0.5 ,ug of DNase I, which is active on doublestranded DNA (dsDNA; Boehringer, Mannheim, Germany), for 15 min at room temperature and then was subjected to DNase inactivation for 10 min at 95°C. Then 5 plI of the cell lysate, containing target DNA, was added to the PCR mix, and PCR was performed for 30 cycles of 1 min at 94°C, 10 s at 72°C, and 1 min at 55°C on a DNA thermocycler (Perkin-Elmer Cetus, Norwalk, Conn.). After amplification, 5 pl of the amplified product was run on a 1% agarose gel in 0.5 x TBE. DNA bands were detected by ethidium bromide staining and visualized by UV light photography.
Other thermostable DNA polymerases included in this study were Ampli-Taq polymerase (Perkin-Elmer Cetus), NativeTaq polymerase (Perkin-Elmer Cetus), Vent polymerase (New England Biolabs, Beverly, Mass.), and Tth polymerase (U.S. Biochemical Corp., Cleveland, Ohio). These thermostable enzymes were used with the buffer supplied by the producer. Another DNase I tested was from Pharmacia, which is active on both ssDNA and dsDNA; elimination of exogenous DNA was similar to Boehringer's DNase treatment, but primers were added just after heat inactivation of the enzyme.
The sensitivity of PCR-SSCP was determined by performing the PCR for 35 cycles with cell lysates of E. coli and Staphylococcus aureus.
SSCP electrophoresis. After thermal cycling, 1 to 10 RI of the PCR mixture was added to 3 ,u of sequencing sample buffer (5 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanole in formamide) and heated for 5 min at 95°C. The denatured DNA was then placed directly onto ice for 10 min before being loaded onto the gel. The optimal gel composition was 0.5x mutation detection enhancement (MDE) gel (J. T. Baker, Phillipsburg, N.J.), 10% glycerol, 0.6x TBE, 0.05% APS, and 0.005% N,N,N',N'-tetramethylethylenediamine. Electrophoresis was performed at room temperature on either a Bio-Rad Protean II or Mini-Protean electrophoresis apparatus. Electrophoresis was performed on the Protean II overnight at 5-W constant power. For minigels, electrophoresis was carried out for 3 h at 3-W constant power.
Detection of SSCP patterns. After electrophoresis, SSCP was detected by silver staining according to the method of Bassam et al. (3) . Briefly, the silver staining procedure was as follows: the gels were first fixed in 10% acetic acid for 20 min at room temperature and washed with deionized water three times for 2 min each time. Color impregnation lasted for 30 min at room temperature with 0.1% silver nitrate and 0.056% formaldehyde. The gels were then washed for 20 s with deionized water; then color development was for 2 to (Fig. 1) . Elimination of exogenous DNA with DNase I from Pharmacia hampered PCR amplification. Boehringer DNase I in Ampli-Taq polymerase PCR mixture was able to eliminate exogenous DNA, but the PCR after DNase I treatment was less sensitive than that with Super-Taq polymerase. DNase I was either incapable of eliminating exogenous DNA or not properly inactivated when incubated with the other DNA polymerase mixtures tested (data not shown). Other inactivation procedures for elimination of exogenous DNA, e.g., the use of (iso)psoralen and UV irradiation (16, 22) , proved unsuccessful.
SSCP optimization. First, optimal SSCP conditions were established. Gel matrixes that were evaluated included a 6% nondenaturing bis-acrylamide gel (30:0.8), a 6% Hydrolink Long Ranger gel, and a 0.5x MDE gel. These three gel types contained the same amount of acrylamide, but the types and amounts of cross-linker differed. The standard bis-acrylamide gels did not produce SSCP patterns with high resolution even when the percentage and/or ratio of bis/acrylamide was changed. SSCP patterns with high resolution were observed with both Hydrolink and MDE gels. However, color development during silver staining of Hydrolink gels was not reproducible. Therefore, further SSCP analyses were performed with the MDE gel matrix.
The effect of stabilizing ssDNA with glycerol was examined by varying the amount of glycerol in the gel matrix. The best results were observed with the addition of 10% glycerol. The SSCP gels could be reproducibly run at room temperature without a temperature controller by simply using 0.75-mm instead of the standard 0.4-mm spacers.
Sensitivity of whole-cell-based PCR amplification and PCR-SSCP. A simple and rapid lysis procedure was used for both gram-positive and gram-negative bacteria without the need for genomic DNA isolation. Bacterial cells were lysed at 95°C with the chelating agent Chelex 100 in the presence of the detergents sodium dodecyl sulfate, Nonidet P-40, and Tween 20 (9) . The universal primers P11P and P13P used for PCR amplification were highly conserved, and amplification was observed for all species tested. The sensitivity of PCR amplification with the conserved primers was tested by amplifying E. coli and S. aureus cells for 35 cycles. The sensitivity obtained for PCR amplification on ethidium bromide-stained agarose gels was 30 CFU for E. coli ( Fig. 1) and 300 CFU for S. aureus. These detection limits were obtained in combination with the pre-PCR sterilization protocol.
Silver staining is a promising alternative to radioactive SSCP (1, 17), but little is known about the sensitivity since the sensitivity of PCR-SSCP in terms of initial input of CFU bacteria rather than the amount of DNA in the acrylamide gel visualized by silver staining is of interest for the application of PCR-SSCP. Therefore, a serial dilution of E. coli ranging from 103 to 3 CFU was tested with PCR-SSCP. The obtained sensitivity of the system is approximately 30 CFU for E. coli (Fig. 2) . In general, three or four bands of ssDNA were found, reflecting the fact that ssDNA may have multiple conformations. These multiple conformations could be divided into one or two stronger and one or two weaker SSCP bands. 5 Clostridium bifermentans 6 Clostridium butyricum 7 Clostridium cadaveris 8 Clostridium clostridioforme 9 Clostridium histolyticum 10 Clostridium innocuum 11 Clostridium paraputnificum 12 Clostridium perfringens 13 Clostridium putnificum 14 Clostridium sporogenes 15 Escherichia coli Shigella boydii Shigella dysenteriae Shigella flexneri Salmonella enterica subsp. enterica 16 Enterobacter aerogenes 17 Enterobacter agglomerans 18 Enterobacter cloacae 19 Enterobacter gergoviae 20 Enterobacter sakazakii A, B, C, D, F, G, H, I , K, and X) were analyzed by PCR-SSCP. These C. difficile strains showed discrete patterns with restriction fragment length polymorphisms, restriction endonuclease analysis, and immunoblotting (26) . All 10 C. difficile strains showed similar SSCP electrophoresis patterns (Fig. 3) monocytogenes, L. innocua, and L. ivanovii strains were examined for their electrophoretic mobility patterns in PCR-SSCP (Fig. 4) . Although the observed differences were small, PCR-SSCP was capable of distinguishing L. innocua from the other Listeria species tested.
For the genus Enterobacter, the observed electrophoretic mobility patterns showed minor differences between E. agglomerans, E. aerogenes, and E. cloacae (Fig. 5 ). E. cloacae could be differentiated from the last two species by the different mobility of the lower ssDNA band, which was also the case for Enterobacter gergoviae (data not shown). Differences between the species E. agglomerans and E. aerogenes were marginal and visible only when the running time was sufficiently long. Enterobacter sakazakii showed a pattern totally different from those of the species described above.
These data suggest species-specific patterns for Clostridium, Listeria, and Enterobacter species. To evaluate the applicability of PCR-SSCP as a general tool for the identification of bacteria, a large panel of bacterial isolates was tested (Table  1) . In general, patterns were specific at either the genus level or the species level. Species-specific PCR-SSCP patterns were obtained for Kiebsiella spp. (K oxytoca and K pneumoniae), Pseudomonas spp. (P. aeruginosa, P. fluorescens, P. maltophilia, and P. putida), and Staphylococcus spp. (S. aureus and S. epidermidis). Genus-specific patterns were observed for Citrobacter spp. (C. amalonaticus and C. freundii) and Proteus spp. (P. vulgaris and P. mirabilis). Acinetobacter calcoaceticus, Bacteroides fragilis, Morganella morganii, and group A hemolytic streptococci each gave conserved patterns different from those observed for the other species or genera. One exception was found in the genus-or species-specific patterns; the closely related E. coli, Shigella spp. (6) , and Salmonella enterica subsp. enterica all gave similar PCR-SSCP patterns.
Since some of the different species or genera were not easily distinguishable by the primer set P11P-P13P, another conserved primer set, ER10-ER11, was developed and tested for PCR-SSCP (Fig. 6) . The amplified region is a 255-bp sequence located in the V2 region of the 16S rRNA gene. With this primer set, we were capable to discriminate between the closely related E. coli, Shigella spp., and S. enterica subsp. enterica and species-specific patterns were observed for Proteus spp. (P. vulgaris and P. mirabilis) and Citrobacter spp. (C. amalonaticus and C. freundii), although the observed differences for the latter genus are marginal. The combined use of the two conserved primer sets P11P-P13P and ER10-ER11 Gel electrophoresis conditions for the PCR-amplified target sequence producing the best resolution included the 0.5 x MDE gel matrix with addition of 10% glycerol. Under these conditions electrophoresis resulted in three or four SSCP bands, indicating that ssDNA possessed multiple conformations. These conformations could be divided into one or two more pronounced bands and one or two less pronounced SSCP bands.
PCR-SSCP with primer set P11P-P13P was tested on a panel of 111 bacterial strains and showed conserved SSCP patterns at either the genus or species level. The PCR-SSCP patterns obtained were genus specific for a few bacteria (e.g., Proteus spp.), but species specific for most bacteria (e.g., Pseudomonas spp., Clostidium spp., and Enterobacter spp.). C. difficile strains belonging to 10 different serotypes showed similar electrophoretic mobility patterns, while other Clostridium species gave species-specific patterns. The closely related L. ivanovii and L. innocua were distinguishable, even though only a 2-nucleotide difference in the amplified region has been reported (8) . The less pronounced SSCP bands were of importance for the discrimination of species within the genus Enterobacter, since the pronounced SSCP bands showed indistinguishable band patterns. These results indicate the high discriminatory capacity of PCR-SSCP.
The SSCP resolution was improved by the use of a second set of conserved primers of the 16S rRNA gene; e.g., E. coli and Shigella and Salmonella spp. showed similar electrophoretic mobility patterns with primer pair P11P-P13P but showed different patterns with ER10-ER11. With the two conserved primer sets, all 111 strains could be determined on the basis of species-specific patterns, with only one exception, the genus Shigella, which was found to be conserved in both regions.
To overcome lane-to-lane and gel-to-gel differences, PCR-SSCP resolution can be further improved by the addition of an internal ssDNA marker for each sample lane. This makes it feasible to precisely compare relative migration times. Also, simultaneous amplification of multiple conserved primer pairs in a multiplex PCR (4), based on polymorphism in several regions of the 16S rRNA and/or 23S rRNA gene, might simplify the discrimination of a large panel of bacteria to the species level; PCR-SSCP with fluorochrome-labeled primers, e.g., fluorescein isothiocyanate, may be used in an alternative SSCP detection system. SSCP can then be performed with an automated sequencer that detects the fluorochrome-labeled DNA (15) . One advantage of this system is that the sequencer is coupled to a computer which enables data management by computer. Recently, a paper described the use of fluoresceinlabeled PCR-SSCP to distinguish between endomycorrhizal fungi with one fluorescein-labeled primer in the PCR (23) .
Here we have shown that PCR-SSCP is a promising fast method for the identification of microorganisms. The use of PCR with universal primers and SSCP patterns as an identification method can generally be applied to a wide range of bacteria without the need of a large panel of probes. Since the identification method is based on PCR, the obtained sensitivity is sufficient to detect low numbers of bacteria; the obtained detection limit by PCR-SSCP was 30 CFU for E. coli. The total time needed for PCR-SSCP is less than 20 h (2.5 h for PCR plus 15 h for SSCP plus 1.5 h for silver staining). PCR-SSCP seems a promising method for the rapid identification of bacteria in usually sterile clinical sites, such as blood and the cerebrospinal fluid.
